Two homologous radioimmunoassays for bovine follicle stimulating hormone (bFSH) were utilized in comparing the differential regulation of FSH and luteinizing hormone (LH) in response to ovariectomy or administration of gonadal steroids in cattle. There appeared to be significant LH cross-reactivity in one of the bFSH systems (bFSH-HS-2-17), but not in the other (bFSH-BP3). Concentrations of FSH in plasma measured by these two systems suggested both qualitative and quantitative differences. Following ovariectomy in heifers, LH concentrations in plasma were increased by 7.5 h, while FSH (measured in the bFSH-BP3 system) was not significantly elevated until 18 h. Administration of 200/~g of estradiol-17~ to ovariectomized heifers inhibited levels of FSH in plasma but large doses of testosterone (100 mg), androstenedione (400 mg) and dihydrotestosterone (800 mg) had no effect. Similarly, LH was not affected by the androgens, while estradiol induced LH surges, leading to increased mean LH concentrations. In contrast to the results in heifers, LH concentrations in plasma from steers were inhibited by administration of androgens as well as by estradiol. In steers, FSH (bFSH-BP3) was marginally inhibited by estradiol and not at all by the androgens. Differences in the secretory patterns of FSH and LH also occurred in intact heifers during the estrous cycle. The 72-h period preceding estrus (follicular phase) was characterized by rapidly declining serum progesterone concentrations, followed by concurrent increases in both LH and estradiol. The circulating levels of bFSH (BP3) tended to decline during this interval. Overall, during the estrous cycle, progesterone levels were positively correlated with b F SH-BP 3 (r=. 37) and negatively correlated with LH (r = --.39). The gonadotropins were not significantly related (r = -.15). These relationships are consistent with the concept that LH controls the final stages of follicular development in cattle and that FSH may exert only a permissive effect.
Introduction
Serum luteinizing hormone (LH) concentrations in cattle increase after ovarieetomy (Hobson an Hansel, 1972) or orchidectomy (Lacroix and Pelletier, 1979) and negative feedback regulation of LH appears to be accomplished by estradiol and progesterone in the female (Beck et al., 1976) or by testosterone in the male (Haynes et al., 1977; Lacroix and PeUetier, 1979) . Less is known concerning the control of follicle stimulating hormone (FSH) secretion in cattle due in part to difficulties in establishing valid radioimmunoassay procedures. The development of two homologous bovine FSH radioimmunoassay systems (Cheng, 1978; Bolt and Rollins, 1983) has permitted detailed studies to be conducted.
Studies in both sheep (Baird et al., 1981; Goodman et al., 1981a; Moss et al., 1981) and cattle (Roche and Ireland, 1981) suggest 919 JOURNAL OF ANIMAL SCIENCE, Vol. 56, No. 4, 1983 differential regulation of FSH and LH by ovarian steroids. The purpose of this study was to compare the secretory patterns of these gonadotropins in various hormonal states in both sexes and to compare the results obtained with two FSH radioimmunoassay procedures.
Materials and Methods
Twelve sexually mature Holstein heifers were ovariectomized and blood samples were collected from six of these by jugular venipuncture at frequent intervals for 96 h. Eight months later, all heifers were randomly assigned, three to each of four steroid treatment groups. Each heifer received im injections on 3 successive days followed by a 4-d rest. This treatment schedule was repeated in 2 succeeding weeks, with the same steroid being administered to each animal, but at other dose levels. Estradiol-treated animals received either 200, 400 or 800 ~g of estradiol-17/3 in sesame oil. Other groups received 100, 200 or 400 mg of testosterone; 200, 400 or 800 mg of androstenedione and 200,400 or 800 mg of dihydrotestosterone. Blood samples were collected at 6-h intervals for 24 h before the first steroid injection and for 36 h following the third daily injection in each weekly series. More complete details of the experimental protocol and the associated behavioral effects have been reported (Katz et al., 1980) . In another experiment, nine beef steers (8 mo old) that had been castrated at birth were randomly assigned to receive injections (ira) of 200 mg testosterone, 200 mg dihydrotestosterone or 200/~g estradiol-1713 in sesame oil. Blood samples were collected before treatment and for 48 h thereafter. Other details of the experimental protocol and associated behavioral effects have been reported (Dykeman et al., 1982) . In steers and ovariectomized heifers, blood was collected into heparinized tubes and placed on ice until centrifugation.
In the final experiment, blood samples were collected at 6-h intervals for 30 d from seven sexually mature Holstein heifers. All animals were observed for estrus twice daily. Blood was collected by vacutainer, placed in ice and allowed to clot for 4 to 8 h before the serum was harvested.
Plasma and serum samples were stored at -20 C until being assayed for progesterone (Beal et al., 1980) , estradiol (Fitzgerald and two intact heifers and of NIH-FSH-B1 and NIH-LH-B9 were used to assess parallelism and cross-reactivity. Butler, 1982) , LH (Niswender et al., 1969) and FSH (Cheng, 1978; Bolt and Rollins, 1983) . NIH-LH-B9 was used as the LH standard. Pooled serum samples were included at two or three volumes in each assay to verify parallelism with the standard curve. Coefficients of variation for each assay based on these sera were: 6% for progesterone (n = 12 assays), 12% for estradiol (n = 5) and 8% for LH (n = 10).
Radioimmunoassay Procedures for Bovine FSH. Dilution of FSH antisera and radioiodination of purified bovine FSH preparations were as described by Cheng (1978) and Bolt and Rollins (1983) , respectively. Purified bovine FSH preparations (bFSH), HS-2-17 (160 • NIH-FSH-S1) and BP3 (28 • NIH-FSH-S1), respectively, were used as the standard in each assay and these preparations are used to designate each assay system hereafter. The assay diluent was .1% gelatin in phosphate buffered saline, pH 7.1. The same antiserum to rabbit gamma globulins was used in both assay systems. Preliminary results with bFSH-HS-2-17 are shown in figure 1. Serial dilutions of serum samples from normal cows yielded inhibition lines that were parallel with that of the standard, while those for NIH-FSH-B1 and bovine LH (NIH-LH-Bg) were not. To overcome the apparent interference by LH, 50 ng of NIH-LH-B9 were added to each assay tube and the data in figure 2 were obtained. This procedure reduced tracer binding by 40% and all results are expressed relative to control tubes containing LH. Parallelism between inhibition lines for the FSH preparations was improved and their ,~ relative immunopotencies were similar to that '" reported previously (Cheng, 1978) . A series of blood samples from two normal heifers was ~0 analyzed with and without in vitro absorption ~ ~0 with LH. The most notable difference in FSH g, levels after absorption of the antiserum with ~ ~0 LH was a two-thirds reduction in the magnitude = of the preovulatory FSH surge (data not w ~0 shown). Subsequently, plasma and serum FSH levels were measured without the addition of LH to the assay system.
When the reagents for the bFSH-BP3 radioimmunoassay became available, radioiodinated bFSH-BP3 was tested as the tracer for the bFSH-HS-2-17 antiserum (figure 3). Inhibition lines for bFSH-BP3 and purified bFSH-HP (kindly provided by Dr. Harold Papkoff) were parallel with that of the bFSH-HS-2-17 standard. Parallel lines were also observed with serial dilutions of serum from intact and ovariectomized cows and purified bLH (G3-235A, also provided by Dr. Papkoff, with a biopotency of 2.5 to 3 x NIH-LH-S1 and FSH activity of .015 • NIH-FSH-S1). The FSH g~ biopotency of this preparation does not account 9,' for its immunopotency relative to bFSH-HS-2-17. When the same materials were tested in the 9( bFSH-BP3 radioimmunoassay, the results shown 80 in figure 4 were obtained. The immunopotencies of the three highly purified bFSH preparations ~0 -~ 50 were nearly identical. Inhibition lines for serum 2 were parallel with that of the standard, while addition of up to 40 ng (data for > 10 ng not ~ 20 Figure 3 . Radioimmunoassay standard curve for bFSH-HS-2-17 using bFSH-BP3 as the tracer. Serial dilutions of pooled serum from intact and ovariectomized (OVX) heifers, two bLH preparations and two purified bFSH preparations were used to assess parallelism and cross-reactivity. shown) of the bLH preparations failed to significantly inhibit tracer binding. The BP3 radioimmunoassay was used in subsequent studies without further testing. Between-assay coefficients of variation based on pooled sera included in each assay were 11% for bFSH-HS-2-17 (n = 7) and 9% for bFSH-BP3 (n = 8).
NIH-LH-B9 and bLH-G3-
The effects of ovariectomy and steroid treatments on plasma concentrations of LH and FSH were analyzed statistically using a split-plot repeat measurement experimental design. Changes in secretory patterns of LH and FSH during luteal regression and follicular development in intact heifers were assessed by analysis of variance after averaging serum concentrations within animals for two successive 72-h periods preceding estrus (late luteal and follicular phases). These periods were arbitrarily chosen, based on changes in serum progesterone concentrations. The correlations among LH, FSH and progesterone during the estrous cycle were determined after normalizing the data from day of estrus. 5). The pattern of increase was similar for bFSH-HS-2-17 and LH, becoming significant by 7.5 h, while bFSH-BP3 did not increase until 18 h. Relative changes in FSH were different for the two assay systems in that by 60 h after ovariectomy, bFSH-BP3 had increased nearly threefold, while bFSH-HS-2-17 had not yet doubled from the original baseline. Luteinizing hormone increased at least 10-fold during the same interval.
Results

Ovariectomy resulted in rapid increases in plasma concentrations of FSH and LH (figure
The effects of steroid administration on plasma FSH and LH concentrations in ovariectomized heifers are summarized in figure 6. Data for a single dosage level of each steroid are shown and the level for each was chosen based on having complete sets of samples for hormone measurements. Complete anaIysis of aU data from all available samples indicated that the effects were similar for all levels of each steroid. Only estradiol resulted in a significant reduction in FSH levels, with the effect lasting 18 to 24 h in both assay systems. The concentration of bFSH-BP3 was suppressed to about one-third of preinjection levels (figure 6), while bFSH-HS-2-17 showed less inhibition (40%). The LH concentrations were not inhibifed during the sampling sequences for any steroid, but were increased following estradiol injections (figure 6). The large variance for mean LH concentrations following estradiol was the result of surges of LH that occurred at different times in the three animals. Each of the three heifers treated with androstenedione showed evidence of an LH surge during one of their trials, but this was inconsistent by dose. The LH peak occurring at 18 h after androstenedione is due to a single animal. The hormonal patterns following dihydrotestosterone are not shown, but were similar to those after testosterone injection.
In contrast to the results in ovariectomized heifers, LH concentrations in steers were inhibited to very low levels following single injections of testosterone, estradiol and dihydrotestosterone (figure 7). Inhibition with estradiol was very rapid, becoming maximal by 6 h, while the effects of the androgens were not fully expressed until about 24 h. The response to estradiol was biphasic, i.e., the inhibitory effect lasted 12 h, after which LH returned to pretreatment levels, but was low again at 48 h. The FSH concentrations were marginally inhibited by 200 #g of estradiol and not at all by androgens ( figure 7) . Data for the bFSH-HS-2-17 assay are not shown, but relative changes were similar to that of bFSH-BP3.
Serum concentrations of gonadotropins and ovarian steroids during the estrous cycle in seven heifers are shown in figure 8. Progesterone characteristically increased to > 1 ng/ml on d 4. of the cycle (estrus = d 0), was maximal after d 8 and began declining about 72 h before the next estrus. Mean estradiol concentrations fluctuated between 2 and 7 pg/ml during most of the cycle, with a rise to peak concentrations 24 h before estrus. High concentrations of estradiol also occurred in individual samples at other times of the cycle. The notable distinction about estradiol concentrations in the follicular phase (during and after regression of the corpus luteum) was that after estradiol began increasing, the levels were sustained above 5 pg/ml for the next 72 h. At other times of the cycle, estradiol concentrations of greater than 5 pg/ml rarely occurred in two or more consecutive samples (samples collected every 6 h).
Serum LH concentrations remained at basal 
DAYS OF THE ESTROUS CYCLE
Figure 8. Serum progesterone (P), estradiol-17~ (E), LH, and FSH concentrations during the normal estrous cycle in Holstein heifers (n=7). Blood samples were collected at 6-h intervals for 30 d and the data were normalized to days of estrus (E arrow). Two homologous b FSH radioimmunoassays were utilized.
"I"
.aL 3 D levels (>2 ng/ml) during the luteal phase of the estrous cycle and then increased concurrently with the fall in progesterone and the rise in estradiol of the follicular phase (figure 8, procedures yielded several discrepancies in hormone patterns. For bFSH-HS-2-17 a pattern similar to that of LH was observed. This included the small elevation in concentrations between d 2 to 5 and the subsequent rise during the follicular phase ( figure 8, table 1) . Overall, both LH and bFSH-HS-2-17 were inversely related to progesterone levels and were highly correlated to each other (table 2). On the other hand, bFSH-BP3 was positively associated with progesterone (table 2) and tended to decline (P<.20) in the follicular phase as compared with the late luteal phase (table 1) . Overall, during the estrous cycle, bFSH-BP3 was not significantly correlated with LH. Peak FSH concentrations measured by both assay systems occurred during estrus.
Discussion
Discrepancies between bFSH concentrations obtained in plasma from intact and steroidtreated cattle using two homologous radioimmunoassay systems suggests differences in the hormonal entities being measured. Differences were observed in relative changes in bFSH following ovariectomy or steroid administration as well as during the normal estrous cycle. These discrepancies are partially accounted for by cross-reaction of bLH in the HS-2-17 assay. The experiments in females suggested that increments in LH secretion may contribute to the bFSH-HS-2-17 concentrations. However, androgen treatment in steers markedly suppressed bLH without affecting bFSH. A possible explanation for these observations is that asubunits of LH and FSH are present in the general circulation (Peckham and Yamaji, 1973; Prentice and Ryan, 1975) and are being detected by the HS-2-17 system. This would be consistent with the observed three to fivefold higher plasma bFSH concentrations using the HS-2-17 system, despite the similarity in biopotency of its purified standard to bFSH-BP3 (Cheng, 1978; Bok and Rollins, 1983 ; figure 4). It is beyond the scope of the present study to determine the reasons for the discrepancies between these bFSH assay systems. It is not clear why the present results of LH crossreactivity in the HS-2-17 system are different than earlier studies (Barnes et al., 1980; Roche and Ireland, 1981) , but they are consistent with a later report from one of these laboratories where cross-reaction with purified LH was observed (Kazmer et al., 1981) . Differences in assay diluents may contribute to the contradictol T results. Cheng (1978) used 1% bovine serum albumin (BSA) in the assay diluent while gelatin was used in the present experiments. Our supply of BSA contains sufficient LIt (.8 ng/ml in 1% solution) by radioimmunoassay to absorb a large portion of the LH cross-reactivity in the antiserum. The results of our validation procedures on the specificity of the BP3 system are consistent with those of Bolt and Rollins (1983) and, therefore, provide confidence in the data obtained with this assay system. The secretion of both LH and FSH was increased following ovariectomy in heifers. Plasma LH increased within 7.5 h, but bFSI t-BP3 was not significantly elevated until 18 h. This may reflect a differential response to removal of the negative feedback effects of ovarian steroids because Roche and Ireland (198:1) reported that FSH was less responsive than LIt. However, in addition to estrogen and progesterone, regulation of FSH in sheep appears to involve another ovarian factor such as inhibin (Goodman et al., 1981a) . It can be speculated that this is also the case in cattle (Hafez, 1980) , where the presence of this factor in the circulation may provide an alternative explanation for the delayed FSH response. If true, the effect of inhibin is relatively long.
Luteinizing hormone and FSH also responded in a different time course following injection of estradiol to ovariectomized heifers. Concentrations of bFSH-BP3 were inhibited for 18 h, after which they returned to preinjection levels. On the other hand, estradiol injections induced LH surges, causing mean LH levels to increase. The induction of such surges by estrogen has been described (Hobson and Hansel, 1972; Beck and Convey, 1977) . Because FSH surges with Ltt during the normal estrous cycle (Akbar et al., 1974; Schams and Schallenberger, 1976) and because both gonadotropins respond to gonadotropin releasing hormone (GnRH; Akbar et al., 1974; Barnes et al., 1980; Foster et al., 1980) , the absence of FSIt surges following estradiol cannot be explained at this time. However, a similar pattern was also observed in steers, where a single estradiol injection exerted a simple negative feedback effect on bFStt-BP3. aWith n = 24 sample intervals, all correlation coefficients are significant (P<.05). bwith n --84 sample intervals, correlation coefficients >.22 are significant (P<.05).
During the same period, LH first decreased, then returned to preinjection levels or slightly above before falling again to very low levels. This pattern can be qualitatively interpreted as evidence of stimulatory feedback rather than a rebound phenomenon because of the secondary decline in LH release. A similar LH pattern was reported by Kesner et al. (1981) , but was not interpreted as a surge because of the small quantitative response. In the present studies, the length of time following castration in both sexes may have affected the response pattern of FSH. However, Lincoln (1979) has shown that FSH secretion is not closely linked to LH release in rams and continues for at least 24 h after complete neutralization of GnRH (Lincoln and Frazer, 1979) . If a similar situation were to exist in cattle, the most likely interpretation for acute inhibitory effects of estradiol would be to suggest a pituitary site of action. The intact, cycling heifers provided another example of differential regulation of FSH and LH. Luteinizing hormone and bFSH-BP3 were negatively correlated overall and were inversely related in both the luteal and follicular phases. Basal secretion of bFSH-BP3 was highest during the late luteal phase and decreased thereafter as LH and estradiol increased. As discussed previously, the negative effects of an inhibintype factor would be expected to be greatest during this period of follicular development (Henderson and Franchimont, 1981) and could account for declining FSH levels. This same inverse relationship between LH and FSH concentrations occurs during the follicular phase in the ewe (L'Hermite et al., 1972; Baird et al., 1981; Miller et al., 1981) and has important implications with regard to the control of ovarian follicular development. Goodman et al. (1981b) and McNatty et al. (1981) have provided strong evidence that increasing basal LH concentrations in the ewe are an important stimulus for the final steps in follicular development preceding ovulation, and that FSH has only a permissive effect. Based on results using the bFSH-BP3 assay system, follicular development in the cow appears to be controlled in a similar manner. Final maturation of the preovulatory follicle, as evidenced by sustained elevations in estradiol following a decline in progesterone, seems to occur in response to rising basal LH concentrations (Chenault et al., 1975;  figure 8 ) at a time when FSH is decreasing. The importance of LH is supported by the ability of specific LH antiserum to block follicular development during the bovine estrous cycle (Snook et al., 1969) .
Androgens exerted potent negative feedback effects on LH secretion in males in confirmation of other reports (McCarthy and Swanson, 1976; Haynes et al., 1977; Lacroix and Pelletier, 1979) , but had no effect in females. Furthermore, bFSH again showed differential regulation and was not inhibited by androgen treatment in steers. Time following orchidectomy may be important, but inhibin from the testis has been reported to be involved in FSH control in the male of several species (Hafez, 1980) . The negative feedback control of LH in the male appears to be a direct effect of androgens not requiring conversion to estradiol (Osawa, 1975) because dihydrotestosterone, which cannot be aromatized to estradiol (Gual et al., 1962) , inhibited LH. However, the effect of testosterone was somewhat more rapid than dihydrotestosterone and estradiol rapidly inhibited LH, suggesting that some conversion of androgens to estradiol may have been involved in the negative feedback.
In conclusion, the present data confirm and extend previous observations (Dobson, 1978; Foster et al., 1980; Roche and Ireland, 1981) that the release of FSH and LH in cattle is controlled independently and support the present information in the ewe, that ovarian follicular activity can selectively inhibit FSH without affecting LH. Final follicular development occurs in cattle in association with a rise in LH secretion without a concomitant rise in FSH. In males, androgens exert negative feedback on LH, but have little or no effect on FSH. Comparison of two homologous systems for measuring bFSH in plasma yielded discrepancies that cannot be fully explained at this time.
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